Group C rotaviruses (RVC) are enteric pathogens of humans and animals. Whole-genome sequences are available only for few RVCs, leaving gaps in our knowledge about their genetic diversity. We determined the full-length genome sequence of two human RVCs (PR2593/ 2004 and PR713/2012), detected in Italy from hospital-based surveillance for rotavirus infection in 2004 and 2012. In the 11 RNA genomic segments, the two Italian RVCs segregated within separate intra-genotypic lineages showed variation ranging from 1.9 % (VP6) to 15.9 % (VP3) at the nucleotide level. Comprehensive analysis of human RVC sequences available in the databases allowed us to reveal the existence of at least two major genome configurations, defined as type I and type II. Human RVCs of type I were all associated with the M3 VP3 genotype, including the Italian strain PR2593/2004. Conversely, human RVCs of type II were all associated with the M2 VP3 genotype, including the Italian strain PR713/2012. Reassortant RVC strains between these major genome configurations were identified. Although only a few full-genome sequences of human RVCs, mostly of Asian origin, are available, the analysis of human RVC sequences retrieved from the databases indicates that at least two intra-genotypic RVC lineages circulate in European countries. Gathering more sequence data is necessary to develop a standardized genotype and intragenotypic lineage classification system useful for epidemiological investigations and avoiding confusion in the literature.
INTRODUCTION
Rotaviruses (RVs) form a genus of the family Reoviridae and are major cause of acute gastroenteritis in humans and animals worldwide. RVs are classified into at least nine antigenically distinct groups or species (A-I) on the basis of a common group antigen, the inner capsid protein (VP6) and of sequence comparison (Matthijnssens et al., 2012; MihalovKov acs et al., 2015) . Each member of the genus shares the capsid morphology and the unique genome structure with 11 segments of dsRNA, encoding six structural viral proteins (VP1-VP4, VP6 and VP7) and five or six non-structural proteins (NSP1-NSP5 and NSP6) (Estes & Greenberg, 2013) . Species A-C and H RVs are associated with acute gastroenteritis in humans and have remarkably different epidemiologic features and public health importance (Estes & Greenberg, 2013) . Species A RVs (RVAs) have been identified mostly in infants and young children (Parashar et al., 2003) . Species B (RVBs) and H (RVHs) RVs are known to cause severe diarrhoea, primarily in adults (Rahman et al., 2007; Estes & Greenberg, 2013) . Species C RVs (RVCs) have been detected in either sporadic cases or outbreaks of gastroenteritis worldwide, and the overall disease burden and epidemiology of this group of RVs remain to be investigated (Adah et al., 2002; Castello et al., 2009; Medici et al., 2009; Schnagl et al., 2004) . †These authors contributed equally to this work.
The GenBank/EMBL/DDBJ accession numbers for the nucleotide sequences reported in this paper are KT206182-KT206203.
A genotyping classification scheme based on VP4 (P type) and VP7 (G type) has been proposed for RVCs (Jiang et al., 1999; Martella et al., 2007; Marthaler et al., 2013) , following the outlines of the full genome. All human RVCs share high conservation within the VP7 and VP4 genes and are classified as G4P [2] . The limited number of genomic sequence data on RVCs hinders the establishment of a proper classification system for complete genomic designation of RVC strains (Mawatari et al., 2014; Moutelíkov a et al., 2014) , similar to the classification system developed for RVAs (Matthijnssens et al., 2008) . Implementing a classification system based on the 11 genome segments would be important to better understand the epidemiology of RVC infections (Baek et al., 2013; Marton et al., 2015; Yamamoto et al., 2011; Zhirakovskaia et al., 2016) . Available genome sequence information suggests that at least two major human lineages can be distinguished based on backbone gene combinations. One lineage includes strains detected in various areas of the globe including the historic strain Bristol, whilst the other lineage includes a few strains detected during the past decade in Far East Asian countries (Yamamoto et al., 2011) .
In the area of Parma, Northern Italy, continual hospitalbased surveillance for RV infection has been conducted uninterruptedly over the last 28 years. RVCs were detected sporadically (one case in 2004, one case in 2005 and one case in 2012). Sequence and phylogenetic analyses of the VP4, VP7 and VP6 genes of RVCs detected in 2004 and 2005 revealed that these viruses were highly related to each other (Medici et al., 2009) .
In order to obtain data on the genetic make-up of the Italian human RVCs and to understand if RVCs have changed in this period, full-length sequences of the 11 RNA segments were determined for the RVC strain 
RESULTS
Phylogenetic trees were built using the nucleotide sequences of the coding regions. Lineage and genotype constellations of the two Italian human RVC strains are provided in Table 1 , while the phylogenetic trees are shown in Fig. 1 .
Strains PR2593/2004 and PR713/2012 represented distinct genetic lineages, with 4.8 % nucleotide and 2.4 % amino acid variation in the VP7 gene, and 3.4 % nucleotide and 2.1 % amino acid sequence variation in the VP4 gene (Table 1) . Within the other RNA segments, the rate of sequence variation ranged from 1.9 % (VP6) to 15.9 % (VP3) at nucleotide level, and from 0.3 % (VP6) to 13.7 % (VP3) at amino acid level.
In the phylogenetic tree of VP7, strains PR2593/2004 and PR713/2012 segregated into genotype G4 but formed two discrete intra-genotypic lineages (lineage I and II, respectively) (Fig. 1) . Similarly, the VP4 genes of the Italian RVCs clustered into genotype P[2] but into separate intragenotypic lineages. Likewise, in the VP1-VP2, VP6, and NSP1-NSP5 genes the two RVC strains were characterized as I2-R2-C2-A2-N2-T2-E2-H2, although they segregated into two distinct lineages in each genome segment. Finally, in the VP3 gene, strain PR2593/2004 was characterized as genotype M3, while strain PR713/2012 was designated as genotype M2. High bootstrap values were produced in the 11 phylogenetic trees, with the two major lineages segregating robustly in almost all gene segments. On the whole, considering also the two RVC strains analysed in this study, a total of 91 VP7, 73 VP4, 55 VP6, 20 VP1, 21 VP2, 20 VP3, 22 NSP1, 22 NSP2, 22 NSP3, 47 NSP4 and 22 NSP5 sequences of human RVC strains, detected over nearly a three-decade period, are available in the databases, but full-length genome sequence is available only for 20 RVC strains. The nucleotide and deduced amino acid sequence identity values of individual gene segments among the human RVCs are shown in Table 2 . In all the RNA segments, the human RVC strains showed !92.2 % nucleotide and !90.6 % amino acid sequence conservation. The highest sequence conservation was found in the VP6 gene (96.2-99.6 % nucleotide and 98.2-100 % amino acid identity). In contrast, within the VP3 gene, sequence identity was as low as 83.7 % and 85.3 % at nucleotide and amino acid level, respectively.
Throughout the 11 gene segments, the human RVCs had a monophyletic origin and exhibited a high nucleotide difference, 13 % (NSP3) to 31 % (NSP1), with animals RVC strains available in the NCBI databases.
The limited number of sequences deposited in the databases for gene segments other than VP7 and VP4 is insufficient to provide clear insights into the mechanisms driving the evolution of human RVCs, and full genome sequence data are available mostly for Asian RVC strains. By comparison with the human RVC sequences retrieved from the databases, the topology of phylogenetic trees based on the 11 genome segments was substantially similar, allowing the differentiation of at least two major intra-genotypic lineages. Intra-genotypic lineage cut-off values at nucleotide level calculated for individual gene segments ranged from 2.5 % (VP7 and VP4) to 5.5 % (NSP1) ( Considering the dataset of the 20 human RVCs with fulllength genome sequences, the distinction into two lineages was consistently observed for most strains ( 
DISCUSSION
Molecular analysis of the whole genome allowed designation of the genotype constellation of two Italian human RVC strains as G4P[2]-I2-R2-C2-M2/M3-A2-N2-T2-E2-H2. This genome backbone is strictly conserved across all the human RVCs characterized thus far. This has led to the hypothesis that human RVCs, unlike human RVAs, may have undergone a recent bottleneck event in their evolution . Alternatively, RVCs would be less prone to inter-species transmission than RVAs, thus limiting the extent of their genetic/antigenic diversification in the human host (B anyai et al., 2006; Martella et al., 2010) . Also, in this study, evidence for zoonotic transmission of RVC strains was not observed, by comparing human and animal RVC sequences available in the NCBI databases. However, it should be considered that there is a limited number of sequences in the databases to confirm this hypothesis and that the RVC sequences released in databases are not representative of global RVC isolates. A possible zoonotic role of animal RVCs has been anecdotally suggested by both virological and serological investigations (Gabbay et al., 2008; Iturriza-Gómara et al., 2004) , and therefore the possibility that animal RVC strains have acted as donors of genetic material for human RVCs can not be ruled out .
Comprehensive analysis of the whole data set, i.e. 415 gene sequences of human RVCs available in the databases, allowed us to obtain hints at the evolution of these viruses and to characterize in detail the Italian RVC strains. Lineage distinction and nomenclature were only intended for the limited purposes of this study, as a consensual, largely adopted classification should necessarily rely on the analysis of a larger data set. Only 20 complete genome sequences were available at the time of database interrogation. (Baek et al., 2013; Marton et al., 2015; Yamamoto et al., 2011) , the type I and type II backbones in human RVCs appeared well conserved, and the two Italian RVC strains were found to be representative members of the two major genome configurations. The origin of VP3 genetic diversity in human RVCs is unclear. RVCs with the M3 genotype have been circulating for at least 15 years, after their first identification in China in 2001 (Wang et al., 2007) . Whether this VP3 genotype was derived from a past interspecies reassortment event from a yet unidentified animal host remains to be investigated. Our findings, together with the data gathered recently in Eastern Europe , indicate that the appearance in Europe of human RVCs with the M3 genotype dates back to 2004, at least.
Intriguingly, in our analysis, the prototype human RVC strain Bristol, detected in 1988, displayed a puzzling genome configuration, with three genes of the type I, six genes (including the M2 VP3) of the type II and two genes of type III lineage. Therefore, the RVC genome configurations currently circulating worldwide have genes derived from the reference strain Bristol. This clearly suggests that the genome configuration of human RVCs has evolved over the years due to mechanisms of genetic drift, intermingled with intra-typic reassortment, although, due to the limited genome sequence data, it is impossible to determine the exact temporal order of these events. It is possible that this simple scenario depicted in our analysis will be challenged and revised, as more sequence data will be available for human RVCs. Nonetheless, the observed genetic heterogeneity reflects the results of processes of selection and diversification acting on a global scale. Stringent calculations with more sequence data will be necessary to develop a standardized intra-genotypic classification system.
As full-genome sequence data are available only for a few RVC strains, it is possible that the RVC genetic variability is currently underestimated. Whole-genome sequencing has become widely adopted in the research of RVA, where it offers a platform to assess more in-depth RVA diversity and evolution Matthijnssens et al., 2011) . Likewise, accumulation of whole-genome sequence data for RVCs will provide new insights into the mechanisms driving the evolution and affecting the epidemiology of this neglected group of RVs in humans.
METHODS
Samples and laboratory diagnosis. The RVC strain PR2593/2004 was detected in the stool of a 2-year-old child in 2004, while strain PR713/2012 was identified from a 21-year-old male individual in 2012.
The patients were admitted with acute gastroenteritis at the University Hospital of Parma, Italy, during the RV season (December-April).
RVCs were detected from 10 % (w/w) phosphate-buffered saline faecal suspension by electron microscopy and by silver staining after PAGE of viral dsRNA extracted by phenol-chloroform (Medici et al., 2004) for For VP3 gene, no intra-genotypic lineage was observed.
identification of the typical migration pattern (4-3-2-2 pattern). Stool specimens were stored at À80 C until used.
Whole-genome sequencing. Viral RNA was extracted (Viral RNA Mini kit, QIAGEN) and then denatured at 97 C for 5 min. Reverse transcription (RT) was performed using AMV reverse transcriptase (Promega) with random hexamer, tailed by a common PCR primer sequence (Djikeng et al., 2008) . PCR was carried out with Taq DNA polymerase (Thermo Scientific), applying the following thermal profile: initial denaturation (95 C for 3 min) was followed by 40 cycles of amplification (95 C for 30 s, 48 C for 30 s, 72 C for 2 min) and terminated at 72 C for 8 min. Approximately 30 to 40 ng cDNA obtained by the random RT-PCR were subjected to enzymatic fragmentation and adapter ligation using the reagents supplied in the NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torrent kit (New England Biolabs) according to the manufacturer's instruction (Maan et al., 2007) . Barcoded adapters were retrieved from the Ion XpressÔ Barcode Adapters kit (Life Technologies). After size selection, emulsion PCR was carried out on a OneTouch v2 instrument according to the manufacturer's protocol (Life Technologies). Templated beads were enriched on an Ion Phylogenetic analysis. Multiple sequence alignments and phylogenetic tree constructions were performed with MEGA6 (Tamura et al., 2013) , applying the maximum-likelihood method. The reliability of the phylogenetic trees was assessed by bootstrap re-sampling over 1000 replicates. Reference sequences were retrieved from the NCBI databases for all those humans RVC strains whose full genomes were available for comparison.
Genotype designation was assigned to all gene segments of RVC on the basis of previous literature (Jiang et al., 1999; Martella et al., 2007; Matthijnssens et al., 2008; Baek et al., 2013) and lineage numbers were allocated according to Yamamoto et al. (2011) . Nucleotide intragenotypic cut-off values for each gene segment were calculated with Geneious v6.2 software package (Kearse et al., 2012) .
GenBank accession numbers (VP7, VP4, VP6, VP1-VP3, NSP1-NSP5) for each individual genomic segment of the PR2593/2004 and PR713/ 2012 strains are KT206182-KT206192 and KT206193-KT206203, respectively.
